1. Introduction {#sec1}
===============

Neutrophilic polymorphonuclear leukocytes (PMNs) are phagocytic cells that constitute the first cellular component of innate immune defense \[[@B1]\]. Quickly reacting to infection and injury, PMNs migrate to sites of inflammation where they eliminate pathogens through professional phagocytosis. However, death or uncontrolled degranulation of PMNs may result in serious tissue injury due to the release of cytotoxic substances accumulated in their phagosomes. In consequence, functional immunity requires that PMNs which happen to be damaged or killed as a result of defect, ageing, or fight with a pathogen, are efficiently removed with minimal collateral damage. Thus PMNs that have emigrated from the bone marrow survive for only 12--36 h and, if not disturbed by factors of inflammation \[[@B2], [@B3]\], they enter apoptosis and are promptly removed by macrophages. Phagocytosis of neutrophils, which became apoptotic in homeostatic conditions constitutes an anti-inflammatory stimulus for macrophages \[[@B4]\]. Disturbance of uptake of apoptotic neutrophils is thought to be pivotal to the level of tissue damage as their nonphlogistic clearance is critical for the resolution of acute inflammation. To safely eliminate neutrophils the macrophages are equipped with a complex system of redundant receptors and polyvalent recognition molecules enabling efficient detection of specific molecular patterns on the dying cell surface \[[@B5], [@B6]\]. This sophisticated recognition system not only prevents uncontrolled release of proinflammatory intracellular content of dying cells (which in the case of neutrophils can be extremely harmful), but also serves as an important regulatory function---phagocytosis of apoptotic PMNs by macrophages reprograming the macrophage to an anti-inflammatory phenotype (extensively reviewed in \[[@B7], [@B8]\]).

Mechanisms of recognition and engulfment of damaged and dying cells stay in focus of intensive research. Last decade has yielded several unexpected and critical findings in this field. First, it was shown that necrotic cells externalize phosphatidylserine (PS)---a typical "eat me" signal of apoptotic cells \[[@B9]\]---which can be recognized through a PS-dependent mechanism in a nonphlogistic manner \[[@B10]\]. Second, it has been demonstrated that cells dying by apoptosis can be highly immunogenic \[[@B11]\], whereas necrotic cells can be less immunogenic than cells undergoing an immunogenic form of apoptosis \[[@B12]\]. And finally, other studies have shown that antigens from apoptotic cells can be effectively cross-presented to CTLs and initiate an immune response \[[@B13]\]. Consequently, the concept of damage-associated molecular patterns (DAMPs) has been proposed to explain the potential immunogenicity of dying, damaged, or stressed cells \[[@B14]\]. DAMPs, comprising several cell-surface molecules, convey precise information to professional phagocytes about the manner of cell death and the causative agent(s). Therefore, we accede to the view that a cell death pathway does not predict whether the outcome will be an immune response or tolerance. Fever, a temporary, regulated increase in core temperature, is widely thought to confer cytoprotection, but the mechanisms underlying these effects are incompletely understood \[[@B15]\]. At cellular level, heat-shock temperatures trigger increased synthesis of a group of highly conserved molecular chaperones called Heat Shock Proteins (HSPs). These proteins protect native conformation of other proteins against misfolding and irreversible multimeric aggregation extensively reviewed in \[[@B16]--[@B19]\]. Induction of HSPs in response to stress serves to protect against the initial insult, augment recovery, and produce resistance to subsequent stress in the cell. Elevated expression of HSPs is cytoprotective not only against heat shock---induced HSPs and provide tolerance to a wide array of stressogenic factors and resistance to apoptosis induced by general cytotoxic factors as well as death ligands like TNF-*α* or FasL \[[@B20]--[@B23]\].

While there is a general consensus regarding the phenomenon of dysregulated neutrophil apoptosis during hyperthermia \[[@B24]--[@B29]\], some of the available data are conflicting. Nagarsekar et al. \[[@B24]\] found that culturing human PMNs at 39.5°C greatly accelerated caspase-dependent apoptotic cell death, thereby identifying a potentially important mechanism that may limit collateral tissue injury during febrile illnesses. Surprisingly, the proportion of apoptotic neutrophils in subjects with recurrent fever episodes and healthy controls has been reported not to differ, suggesting that neutrophil homeostasis can be regulated by heat without typical apoptosis \[[@B26], [@B27]\].

What has yet to be fully ascertained is if heat shock induces alterations to specific prophagocytosis surface markers ("eat me" signals), if heat-associated changes to such cell cycling markers influence subsequent phagocytotic clearance, and if phagocytosis of heat shocked neutrophils results in proinflammatory or in nonphlogistic efferocytosis. Furthermore, many of the heat shock-induced stress proteins, due to their pleiotropic (sometimes antagonistic) activities, could simultaneously induce overlapping pronecrotic and proapoptotic cellular events. This would help explain many discrepancies in the existing data on heat shock-induced cell death in neutrophils where one aspect of cell death has usually been studied in isolation. As our laboratory has focused on recognition and engulfment of apoptotic PMNs, we were vividly interested in modification by heat shock of the neutrophils\' molecular patterns and their recognition by macrophages and we set out to examine these concepts.

2. Materials and Methods {#sec2}
========================

2.1. Human Monocyte-Derived Macrophages (hMDMs) {#sec2.1}
-----------------------------------------------

hMDMs were obtained from PBMC. Briefly, PBMC were isolated from EDTA-treated blood of healthy donors using a Ficoll-Paque PLUS (Amersham Biosciences, Uppsala, Sweden) density gradient and plated at 4 × 10^6^/mL in 24-well Primaria cell culture plates (Becton Dickinson, Franklin Lakes, NJ) in RPMI1640 (Gibco Invitrogen Corp., Paisley, UK), supplemented with 2 mM L-glutamine, 50 *μ*g/mL gentamycin (Sigma), and 10% pooled heat-inactivated human serum, and incubated in a humidified atmosphere containing 5% CO~2~ at 37°C. After 2 hours, nonadherent PBMC were removed by washing plates with complete medium, and adherent cells were then cultured in this medium for at least 7 days. The medium was changed every 2 days. The hMDMs phenotype was routinely controlled, after nonenzymatic detachment of cells, by immunofluorescent staining of CD14 (clone: TÜK4, DakoCytomation Denmark A/S, Glostrup, Denmark), CD16 (clone: DJ130c, DakoCytomation), CD11b (clone: ICRF44, Becton Dickinson and Co., Franklin Lakes, USA), and CD209 (clone: DCN46, Becton Dickinson) and subsequent flow cytometry analysis. The cultures selected for further experiments were positive in at least 90% for the first three markers and less than 1% for CD209. The adherent cells acquired typical macrophage morphology and extensive phagocytic activity against live *Staphylococcus aureus*. Resting (nonstimulated) cells did not produce inflammatory cytokines: IL-1, TNF-*α*, or IL-6.

2.2. Neutrophilic Polymorphonuclear Leukocytes (Neutrophils, PMNs) {#sec2.2}
------------------------------------------------------------------

PMNs were isolated from erytrosediments by sedimentation in 1% solution of polyvinyl alcohol (Merck, Hohenbrunn, Germany) for 20 min at room temperature. Neutrophils were collected from the upper part, and contaminated erythrocytes were lysed for 20 sec with water. In such preparation, neutrophils were at least 95% pure as confirmed by Pappenheim staining.

2.3. Treatment of Neutrophils {#sec2.3}
-----------------------------

Neutrophils were used immediately after isolation (fresh, nonapoptotic). Cells were heat-shocked in a density of 5×10^6^ cells per mL, in cell culture medium RPMI1640 supplemented with L-glutamine (2 mM), gentamycin (50 *μ*g/mL), and 10% heat-inactivated (56°C, 30 min) autologous serum in sealed screw-cap 1.5 mL microcentrifuge tubes in a controlled heating block (Eppendorf Termomixer Comfort) at indicated temperatures. For inhibition of HSP90, PMNs were incubated with 10 *μ*M radicicol or 10 *μ*M geldanamycin (both from Sigma) at 37°C and then for additional 90 min at 41°C. For removal of surface CD16, PMNs were resuspended in culture medium without serum and incubated with 0.5 IU/mL phosphatidylinositol-specific phospholipase C (PI-PLC, Sigma) for 45 min at 37°C. The enzymatic reaction was stopped by serum addition and washing cells in culture medium. In each case control, neutrophils were cultured in parallel at 37°C. Cells were then either directly used or transferred to standard culture conditions for recovery. After treatment, neutrophils were harvested by centrifugation (300× g, 7 min, 20°C) and resuspended in a medium and density suitable for the specific experiment.

For blocking of CD16, PMNs were pretreated with different clones of mAbs specific against different epitopes: Leu11b (BD Pharmingen), 3G8 (BD Pharmingen), Dj130c (Dako), and GRM1 (Abcam). mAbs were added to 1×10^7^ PMNs suspended in 1 mL of RPMI 1640 supplemented with L-glutamine (2 mM), gentamycin (50 *μ*g/mL), and BSA (0.5%) at the final concentration 100 *μ*g/mL; the cells were incubated for 15 min at 20°C, followed by the cytokine production assay performed as described below.

Spontaneous apoptosis in neutrophils was induced by cell incubation for 24 h in RPMI1640 supplemented with L-glutamine (2 mM), gentamycin (50 *μ*g/mL), and 10% heat-inactivated autologous serum in a humidified atmosphere containing 5% CO~2~ at 37°C. The percentage of cells both annexinVpositive and PInegative in populations of fresh and aged neutrophils ranged from 1% to 7% and 45% to 78%, respectively, whilst the proportion of PIpositive cells did not exceed 15%.

The necrotic death of neutrophils was induced by brief sonication (a hand-held sonicator, model UP50H, Dr Hielscher GmbH, 10 × 1 sec pulse, 50 W, 30 kHz). The effectiveness of process was controlled by trypan blue uptake indicating compromise of the membrane integrity.

2.4. Detection of Cell Death: Flow Cytometry, Membrane Permeabilization, and DNA-Laddering {#sec2.4}
------------------------------------------------------------------------------------------

An early feature of apoptosis, the externalisation of the anionic phospholipid phosphatidyl-serine (PS) was assessed by the binding of FITC-labelled annexin V and exclusion of propidium iodide according to the manufacturer\'s recommendations (Annexin V-FITC kit, Bender MedSystems, Vienna, Austria), followed by analysis with an LSRII flow cytometer (Becton Dickinson). Additionally, cellular morphology was evaluated for features of apoptosis or necrosis using bright-field phase contrast microscopy.

The integrity of cellular membranes of neutrophils was monitored by determination of neutrophil elastase (HNE), lactoferrin (LTF), and lactate dehydrogenase (LDH) content in the cell-free culture medium as markers of azurophilic granules, specific granules, and cytosolic fraction, respectively. The assay for NE activity is described in a following section. LTF was measured using Lactoferrin ELISA Kit (Calbiochem), and LDH using Cytotoxicity Detection Kit (Roche) according to Manufacturer\'s protocols. Additionally, a routine trypan blue exclusion test was applied for quick evaluation of cell viability.

The advanced apoptosis was detected by the presence of the ladder-like DNA fragmentation in control or heat-shocked neutrophils. Briefly, cells were suspended in complete culture medium and incubated for 24 hrs in standard culture conditions to allow the development of spontaneous apoptosis. Then, genomic DNA was isolated and gel electrophoresis performed as described previously \[[@B31]\].

2.5. Immunofluorescence Staining of Neutrophils and Flow Cytometry Analysis {#sec2.5}
---------------------------------------------------------------------------

For direct immunofluorescence staining, neutrophils (5×10^5^/sample/100 *μ*L) were suspended in RPMI 1640 supplemented with 5% FCS and incubated with PE-conjugated antihuman CD31 (clone WM-59, BD Pharmingen), antihuman CD47 (clone B6H12, BD Pharmingen), antihuman CD16 (clone DJ130, Dako), FITC-conjugated antihuman Annexin II (clone 5, BD Transduction Laboratories) mAbs, or appropriate isotype controls (BD Pharmingen) for 30 min at 4°C. After washing with cold RPMI/5% FCS, the cells were resuspended in RPMI/5% FCS. For measurement of Annexin I expression, suspension of neutrophils was incubated with mAb antihuman Annexin I (clone 29, BD Transduction Laboratories) for 30 min at 4°C. After washing, cells were incubated with PE-conjugated goat antimouse IgG (BD Pharmingen) for 30 min at 4°C, then washed and resuspended in RPMI/5% FCS. All samples were analyzed by flow cytometry using an LSRII cytometer (Becton Dickinson). Forward and side scatter signals were used to gate for morphologically normal neutrophils, and 10^4^ cells were acquired. The analysis was performed using the FACSDiva program to determine the percentage and mean fluorescence intensity of positive cells.

2.6. Phagocytosis of Neutrophils by hMDMs Using Elastase Assay {#sec2.6}
--------------------------------------------------------------

The assay was performed according to the method described in detail by Guzik et al. \[[@B32]\]. Briefly, neutrophils were added to human monocyte-derived macrophages at 2,5×10^6^ cell/well of a 24-wells plate in the complete medium and incubated for 2 hours at 37°C in humidified atmosphere containing 5% CO~2~. The monolayer was then washed vigorously with ice-cold PBS to remove bound but noningested neutrophils. The monolayer of macrophages was lysed with 0.1% CTAB (hexadecyltrimethyl ammonium bromide) for 15 minutes at 37°C, then 100 *μ*L of lysates was transferred to 96-well plate in four replicates. Then 100 *μ*L of 1 mM substrate for elastase (N-methoxysuccinyl-Ala-Ala-Pro-Val-*p*-nitroanilide) solution in Tris buffer pH 7.5 was added. The release of *p*-nitroaniline was monitored at 37°C at 405 nm, using a microplate reader (Molecular Devices, Sunnyvale, CA) for 30 minutes. The results were shown as mOD/min. Macrophages were routinely negative for the elastase activity.

2.7. Measurement of TNF-*α* Concentration {#sec2.7}
-----------------------------------------

For the cytokine production assay, hMDMs were cultured in a 24-well plate in a humidified atmosphere containing 5% CO~2~ at 37°C. In some cultures, fresh, untreated, or treated with heat shock, inhibitors, PI-PLC or mAbs, necrotic or apoptotic neutrophils were added (2.5 × 10^6^/1 mL/well). Additionally, after 1 hr of coincubation with PMNs, macrophages were stimulated with LPS from *Escherichia coli* 0127:B8 (Sigma) at a final concentration of 10 ng/mL or 1 *μ*g/mL. After 4 and 24 hrs incubation, supernatants were collected and assayed for TNF-*α* concentration by ELISA using an OptEIA TNF-*α* Set (BD Pharmingen), according to the instructions provided with each set of antibodies. The assay was sensitive down to TNF-*α* concentration of 7 pg/mL.

2.8. Soluble CD16 ELISA {#sec2.8}
-----------------------

PMNs were heat shocked as described above. Following incubation done at 37°C, 39°C, 41°C, or 43°C for 90 minutes, cells were centrifuged at 300×g for 7 minutes at RT and supernatants were collected and assayed for soluble CD16. Supernatants from PMA-treated PMNs (10 ng/mL for 60 minutes at 37°C) were used as positive control. Soluble CD16 were measured by sandwich ELISA. Briefly, wells in microtiter plates (NUNC, Maxisorb) were coated overnight at 4°C, with 100 *μ*L/well of 10 *μ*g/mL mouse IgG1 antihuman CD16 3G8 mAb (BD, Pharmingen). Then plates were washed with washing buffer (0.05% Tween-20 in PBS) and blocked with 200 *μ*L/well of 3% BSA in PBS for 60 min at 37°C. After washing, samples (100 *μ*L/well) were added and incubated for 2 h at RT with shaking. Plates were washed again, followed by addition of 100 *μ*l/well of 0,5 *μ*g/mL FITC-conjugated mouse IgG antihuman CD16 DJ130c mAb (Dako), and incubated for 1 h at RT. After washing, plates were incubated for 1 h at RT with 100 *μ*L/well of 1:2000 dilution of sheep IgG (Fab fragment) anti-FITC conjugated with HRP (Roche). Following last washing step, enzymatic reaction was developed with TMB/H~2~O~2~ for 15 min at RT and then stopped with H~2~SO~4~. Absorbance was read at 450 nm with correction at 630 nm using a microplate spectrophotometer (Infinite M200, TECAN).

2.9. Statistical Analyses {#sec2.9}
-------------------------

All experiments were performed in triplicate, unless otherwise stated. The data are presented as means (±SD). All statistics were calculated using Origin 8.1 (OriginLab Corporation, Northampton, MA, USA), and calculated *P* values are shown in the figures. Statistical significance was asset at 5% and calculated using Student\'s *t*-test.

3. Results {#sec3}
==========

3.1. Heat-Shocked Neutrophils Are Functional and Do Not Demonstrate Features of Cell Death {#sec3.1}
------------------------------------------------------------------------------------------

A distinctive early feature of cell apoptosis is the externalization of PS into the outer leaflet of the plasma membrane \[[@B33]\], which constitutes an "eat-me" signal for neighboring phagocytes. Therefore, we have carefully studied the PS exposure on fresh and heat-shocked neutrophils. The level of PS on the neutrophils surface was evaluated by staining with FITC-conjugated Annexin V followed by a flow cytometry analysis. The 90 min exposure of healthy neutrophils to HS resulted in only marginal binding of annexin V and permeability to propidium iodide (PI) in about 4% of cells (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). In addition, heat shock did not have any significant effect on the surface expression of Annexin I and Annexin II, molecules known to be involved in apoptotic cells recognition ([Figure 1(b)](#fig1){ref-type="fig"}). Neutrophil exposure to heat shock (39, 41, or 43°C) did not stimulate these cells clearance by resting human monocyte-derived macrophages (hMDM) ([Figure 1(c)](#fig1){ref-type="fig"}). The measured phagocytosis did not statistically differ from that obtained for freshly isolated cells. Temperature 45°C resulted in increased engulfment but still much lower than that observed for spontaneously apoptotic neutrophils (not shown). Interestingly, additional (24 hrs) incubation of the heat shocked (HS) neutrophils in standard culture conditions resulted in their efficient engulfment by hMDMs ([Figure 1(c)](#fig1){ref-type="fig"}).

To test the possibility that heat shock may affect later stages of spontaneously occurring apoptosis, we have compared the integrity of DNA derived from HS-treated and untreated neutrophils cultivated for 24 hrs. Surprisingly, the DNA electrophoretical analysis demonstrated considerable, temperature-dependent inhibition of spontaneous, apoptotic DNA fragmentation in HS-treated neutrophils ([Figure 1(d)](#fig1){ref-type="fig"}).

Importantly, with exception of the highest temperature (45°C), heat shock did not permeabilize neutrophils for trypan blue uptake (data not shown). Accordingly heat shocked (HS) neutrophils (39, 41, or 43°C) did not release significant amount of LDH into the media. Also, no release of HNE was observed. However, both LDH and HNE were found in media at the substantial levels when neutrophils were exposed to HS at 45°C ([Figure 1(e)](#fig1){ref-type="fig"}). This indicates that only at temperatures above 43°C the cell membrane integrity was compromised.

Morphological analysis by phase contrast microscopy and TEM did not show any remarkable difference between freshly isolated and HS (41°C) neutrophils (data not shown).

Based on these findings, we have selected the heat shock temperatures 39°C and 41°C for follow-up experiments since such treatment did not affect the neutrophils viability, phenotype, nor induced their phagocytosis by macrophages.

3.2. Recognition of Heat-Shocked Neutrophils Is Nonphlogistic {#sec3.2}
-------------------------------------------------------------

Several reports have indicated that the uptake of apoptotic cells changes the macrophage phenotype from pro- to anti-inflammatory (extensively reviewed by Savill et al. \[[@B7]\]). Therefore, we tested the proinflammatory response of hMDM, measured as TNF-*α* release into the media, to the contact with HS-treated neutrophils. To our surprise, in the stark contrast to necrotic neutrophils, which stimulated the massive proinflammatory response comparable to that elicited by LPS, the coculturing of macrophages with the HS cells exerted no effect on the TNF-*α* secretion ([Figure 2(a)](#fig2){ref-type="fig"}). No release of IL-10, the major anti-inflammatory cytokine, has been detected (data not shown). As a matter of fact, the TNF-*α* secretion by macrophages exposed to HS neutrophils was significantly lower than that observed in the cocultures of hMDM with fresh neutrophils and only slightly higher than that in cocultures with spontaneously apoptotic neutrophils. Similarly, the HS neutrophils inhibited the LPS-induced TNF-*α* secretion by hMDMs ([Figure 2(b)](#fig2){ref-type="fig"}). The anti-inflammatory effect was much more pronounced when hMDMs were stimulated with LPS at low concentration (10 ng/mL).

3.3. Surface Expression of Major "Don\'t Eat Me" Signal CD31 (PECAM) Is Modulated by Heat Shock {#sec3.3}
-----------------------------------------------------------------------------------------------

Response of macrophages to apoptotic PMNs includes recognition of modified antiphagocytic molecules expressed to protect fully functional cells against unscheduled clearance. Two major "don\'t eat me" signals---CD31 and CD47--have been most studied \[[@B34], [@B35]\]. Consequently, we have measured binding of CD31- and CD47-specific mAbs to HS neutrophils. Results presented in [Figure 3](#fig3){ref-type="fig"} clearly demonstrate a decrease in expression of CD31 which was apparent in fluorescence intensity and distribution. Interestingly, a characteristic "CD31-low" subpopulation appeared transiently on HS cells immediately following HS. No change in CD47 expression was seen on HS neutrophils (not shown). As the CD31 and CD47 expression is sharply downregulated during apoptosis, the untypical expression of these molecules on the HS-treated cells reiterates their nonapoptotic phenotype.

3.4. Surface Expression of Fc*γ* Receptor III (CD16) Is Permanently Reduced by Heat Shock {#sec3.4}
-----------------------------------------------------------------------------------------

As CD16 was the first cell membrane receptor whose reduction in surface expression was described in cells undergoing apoptosis \[[@B36]\], we were interested in its expression on HS PMNs. Surprisingly, we found rapid, temperature-dependent decrease in surface expression of Fc**γ**RIII. As shown in [Figure 4](#fig4){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}, 39°C and 41°C HS was sufficient to reduce the CD16 level to about 70 and 60%, respectively, and incubation of PMN in 43^o^C caused reduction of CD16 density to about 30% of the control cells. In contrast to the spontaneously apoptotic PMNs where the CD16-low population had been described, the decrease of CD16 on HS PMNs concerned the entire population. Moreover, the HS-induced CD16 decrease was only partially inhibited by EDTA or O-phenanthroline both known as general metalloproteinase inhibitors (not shown).

3.5. Shedding of CD16 Is Temperature Independent {#sec3.5}
------------------------------------------------

Assuming proteolytic shedding as the major factor contributing to the observed downregulation of surface CD16, we expected accumulation of soluble CD16 (sCD16) in the supernates of HS neutrophils. The sandwich ELISA based on the most popular clone 3G8 as capture antibody and the clone Dj130c as detection antibody was used. PMA-induced shedding of CD16 served as a positive control and we noticed strongly increased (more then two times) release of sCD16. Cytochalasin D demonstrated similar activity (not shown). Surprisingly, as shown in [Figure 5](#fig5){ref-type="fig"}, the amount of sCD16 generated in supernates was shock temperature independent. Only at 43°C, we observed minor (about 10%) increase of sCD16 in supernates. Consequently, we assumed that proteolytic shedding was not the only reason of decreased expression of CD16 following heat shock.

3.6. Inhibition of Surface CD16 Expression by Heat Shock Is Enhanced by HSP90 Inhibitors, Geldanamycin, or Radicicol {#sec3.6}
--------------------------------------------------------------------------------------------------------------------

It has been previously shown that the expression level of CD16 by neutrophils is the net result of surface shedding and translocation from secretory vesicles containing CD16 \[[@B37]\]. We therefore investigated surface CD16 expression by PMN treated with HSP90 inhibitors. As shown in [Figure 6](#fig6){ref-type="fig"}, inhibition of surface expression of CD16 on HS neutrophils was much stronger in the presence of HSP90 inhibitors. They did not modify significantly CD16 expression on control cells but when PMNs were shocked in the presence of geldanamycin (10 *μ*M) or radicicol (10 *μ*M) the expression of surface CD16 was reduced by at least 50% of untreated control. Viability of HS PMNs was still preserved (not shown).

3.7. The Anti-Inflammatory Effect of HS Neutrophils Is Enhanced by HSP90 Inhibitors, Geldanamycin or Radicicol and Involves Low CD16 Expression {#sec3.7}
-----------------------------------------------------------------------------------------------------------------------------------------------

The observed cooperation between heat shock and HSP90 inhibitors prompted us to test the response of hMDM to contact with such treated neutrophils. Data presented in [Figure 7(a)](#fig7){ref-type="fig"} clearly show that anti-inflammatory effect of these cells was enhanced. Recognition of PMN treated with radicicol or geldanamycin during heat shock drastically decreased TNF*α* secretion by LPS-stimulated macrophages. Moreover, PMN treated with PI-PLC, in which CD16 expression was reduced to about 50%, also suppressed LPS-induced TNF-*α* release to the level exerted by recognition of heat shocked cells.

Treatment of PMNs with the small molecule Rac inhibitor NSC23766 which is known to inhibit primary granule exocytosis \[[@B38]\] also resulted in significant inhibition of CD16 expression and proportional inhibition of TNF-*α* production.

To specifically address the role of CD16 in the observed activity of geldanamycin and radicicol, we used blocking antibodies against different CD16 epitopes ([Figure 7(b)](#fig7){ref-type="fig"}). Such approach has been proved effective in blocking neutrophil phagocytosis \[[@B39]\]. For all four mAbs, statistically significant inhibition of TNF-*α* production by LPS-stimulated macrophages has been observed although the visible differences between mAbs suggested the importance of particular epitopes.

Taken together, these data indicate that diminished expression of or hampered access to neutrophils\' CD16 is involved in their anti-inflammatory recognition by macrophages.

4. Discussion {#sec4}
=============

Here we present evidence for an alternative and potentially injury-limiting neutrophil recognition mechanism, whereby heat-shocked neutrophils are not phagocytosed by macrophages. For the first time, we describe significant reduction of expression of neutrophil CD16 on viable, nonapoptotic neutrophils in conditions which inhibited the spontaneous apoptosis. We also demonstrate an intimate association of reduced neutrophil CD16 with their nonphlogistic recognition by macrophages. Unlike apoptotic neutrophils, the HS cells preserve membrane assymetry typical for viable, fully functional PMNs; moreover, the expression of selected cell-surface molecules known to be involved in apoptotic recognition: annexin I and II, CD31, and CD47 was not changed.

Because neutrophil CD16 is known to be actively shed by yet unknown membrane metalloproteinase \[[@B40], [@B41]\], we wondered if altered proteolysis processing during heat stress accounted for reduced expression of CD16. Indeed, reduction in expression of CD16 could be partially prevented by addition of general metalloproteinase inhibitors (O-phenanthroline or EDTA) to culture medium. However, unchanged concentration of sCD16 in supernates from HS cells would argue against a generalized up-regulation of CD16-specific proteolytic activity as a result of heat shock. HS-induced reduction in CD16 expression appears notable in that it represents loss of the majority of surface receptors, as opposed to a gradual reduction in surface expression. In contrast, when neutrophils are activated with PMA (typical secretagogue), membrane expression of CD16 is transiently increased in spite of extensive shedding, levels of surface expression of CD16 reflecting a balance between receptor shedding and mobilization from intracellular stores \[[@B37]\]. The appearance of CD16 low-expressing PMN population during HS might be accounted for by temporal differences in downmodulation by heat of the processes of receptor mobilization and shedding. To further exploit the mechanism of the observed phenomenon, we applied two highly specific inhibitors of HSP90---radicicol and geldanamycin \[[@B41]\]. HSP90, a molecular chaperone involved in heat shock and cytoprotection, was also found to be a constitutive component of multimeric receptor complexes comprising Toll-like receptors, chemokine receptors, and integrins situated together within membrane microdomains \[[@B43], [@B44]\]. CD16 was also found to participate in the same receptor complexes \[[@B45]\]. In heat stress conditions, most preexisting HSP90 is redirected *ad hoc* to protect protein conformation and its intracellular availability dramatically decreases. Although the role of HSP90 in the signalling complexes is not clear we assumed that HSP90 is involved in chaperoning CD16 during its transport and externalization in lipid rafts. Continued shedding of surface CD16 without replenishment from intracellular stores in the presence of HSP90 inhibitors may give rise to CD16 extremely low expressing neutrophils. As demonstrated, combined effect of heat stress and HSP90 inhibition effectively hampered the surface expression of CD16. Treatment with small molecule Rac inhibitor NSC23766 which is known to inhibit primary granule exocytosis \[[@B38]\] resulted in significant reduction in expression of CD16 ([Figure 7(a)](#fig7){ref-type="fig"}) which was enhanced by heat shock (not shown), indicating that inhibition by heat of the dynamic component of CD16 redistribution to the cell surface plays an essential role in the observed effect. Additional studies are underway in this laboratory to address the underlying mechanism.

In stark contrast to the original finding by Dransfeld and colleagues \[[@B36]\], we have been unable to correlate the reduction in CD16 expression on HS neutrophils with their apoptosis. Firstly, HS treatment evidently slowed down the spontaneous PMN apoptosis which is best visible in DNA laddering analysis and may have some basis in the cell deactivation described by others \[[@B25], [@B28]\]. Secondly, when preincubation with the HSP90 inhibitors was combined with HS at 43°C (a treatment which reduced CD16 expression to about 20% of the control value), we observed total block of the neutrophil DNA fragmentation. Interestingly, our data strongly suggest inhibition of executive phase of apoptosis in HS-treated cells, thus raising interest in the further fate of HS neutrophils.

In terms of function, we were mostly interested in recognition of HS neutrophils by macrophages. Using the elastase assay \[[@B32]\], we were able to quantitatively analyse the engulfment of HS-treated neutrophils by hMDMs. Results presented in [Figure 1(c)](#fig1){ref-type="fig"} allowed us to conclude that HS, despite of transient modulation of CD31, a major "don\'t eat me" signal, did not generate a recognition signal on the neutrophils\' surface sufficient for their engulfment. Unexpectedly, the HS-treated neutrophils did not stimulate macrophages to produce TNF-*α*, contrary, they efficiently inhibited LPS-induced TNF-*α* production. Direct comparison with necrotic neutrophils demonstrated that HS-treated cells initiated release of only small amounts of TNF-*α*, less than observed in the case of fresh neutrophils. This was surprising for two reasons: first, as described above, the anti-inflammatory recognition of HS neutrophils by macrophages occurred without their phagocytic removal---a typical consequence of recognition of dysfunctional cells; second, the HS neutrophils did not expose PS, which usually implies anti-inflammatory consequences of their recognition. The inability of HS-treated neutrophils to initiate TNF-*α* release stays in agreement with intracellular containment of LTF, HNE, and LDH by the cells and strongly argues for the absence of necrotic cell death.

Significantly, the threshold temperature at which some components of spontaneous apoptosis is already inhibited seems to be very low ([Figure 1(d)](#fig1){ref-type="fig"}). On the other hand, increasing HS temperature to 45°C resulted in rapid loss of viability and membrane integrity typical for necrotic cells.

The anti-inflammatory effect of HS PMNs is apparently not mediated by the sCD16 shed from the neutrophils surface. For one thing, PMNs were contacted with macrophages after disposal of incubation medium, and for another we have shown that the amount of sCD16 did not change with HS temperature while the anti-inflammatory activity of HS PMNs increased.

The postulated novel regulatory role of HS PMNs is unique in three major aspects: firstly, unlike apoptotic PMNs the HS cells do not generate sCD16 ([Figure 5](#fig5){ref-type="fig"}); secondly, their apoptotic programme is slowed down ([Figure 1(d)](#fig1){ref-type="fig"}), and they are not engulfed by macrophages ([Figure 1(c)](#fig1){ref-type="fig"}); finally, modulation of surface CD16 correlated with the ability of PMNs to reduce macrophage responses to LPS, and the blocking activity of four anti-CD16 mAb clones ([Figure 7(b)](#fig7){ref-type="fig"}) strongly suggests a causative relationship. Still, it is unclear how macrophages recognize lower expression of PMN CD16 and how this would provide an anti-inflammatory stimulus without typical signals of apoptosis (PS-externalization, shedding of CD31 and CD47). Interestingly, the CD16^−^ subpopulation of human peripheral blood monocytes is known to produce lesser (5--10 times) amounts of TNF-*α* than the CD16^+^ cells in response to LPS, zymosan, or *S.aureus* \[[@B46]\].

Proteolytic shedding of CD16 is a part of *S.aureus* pathogenicity and leads to anti-inflammatory recognition and engulfment of PMNs by hMDMs \[[@B47], [@B48]\]. However, the presence of IgG efficiently protected the cells against this challenge pointing at CD16-Fc-fragment complex as a critical factor stabilizing also CD11b, most probably through lateral interactions \[[@B49]\]. In contrast to *S.aureus* proteases, heat shock and HSP90 inhibitors reduced the expression of CD16 in the presence of IgG since most experiments described here were performed in the presence of autologous serum. The difference may result from differential location of the cleavage site used by bacterial and cellular proteases. Nevertheless, we also observed some decrease in surface expression of CD11b as a result of heat shock (not shown). It is therefore possible that downmodulation of neutrophil CD16 may also affect the function of CD11b. Interestingly, phagocytic activity of the heat-shocked neutrophils was preserved and only marginally decreased against opsonised *S.aureus*(not shown). This concurres with our previous data concerning heat-shocked monocytes whose phagocytosis of *S.aureus* was even increased \[[@B31]\].

Although there are few data on PMNs subpopulations in peripheral blood of healthy donors which would differ in expression of CD31 or CD16, in some cases the HStreatment resulted in clearly bimodal fluorescence histograms (Figures [3(b)](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"} HS + Rad). We speculate that the observed subpopulations differed in their basal level of activation of signal transduction pathways. Preactivated ("primed") neutrophil subpopulation has been described several times, and it may appear in blood of healthy donors \[[@B50], [@B51]\]. The "primed" cells may have lesser capability to manage the subsequent heat stress (especially in the presence of HSP90 inhibitors) as active signal transduction pathways engage most of the cellular HSP90 pool. Consequently, the "primed" subpopulation is more likely to destabilize the membrane receptor complexes in the described stressful conditions. This effect has been observed also when heat shock was combined with higher concentration of geldanamycin (data not shown).

Although indirectly, the mechanism described here may importantly contribute to the homeostasis during short fever episodes known under common name "intermittent fever" when elevated temperature is present only for some hours of the day and becomes normal for remaining hours. It seems that HS neutrophils, which are not removed by resident macrophages and retain at least some of their vital functions, may substitute for the regulatory role of the apoptotic neutrophils. Such scenario may cast some light on the protective role of fever, pointing at the fever peak temperatures and duration as critical factors of homeostasis. A paradox of fever pathogenicity, already mentioned above, is that the fraction of apoptotic neutrophils found in the patients\' circulation is very low---not different from that of healthy individuals \[[@B26], [@B27]\] yet apoptosis of neutrophils in prolonged hyperthermia is clearly accelerated \[[@B24], [@B30]\]. In light of our results, it may be explained, by the fact that shortly heat-stressed neutrophils do not qualify as apoptotic by any criterion, that they would rather fall into a class of deactivated or "deprimed" cells, which is in accordance with other reports \[[@B25], [@B28]\]. Inhibition of apoptotic DNA laddering by HS is of critical significance when diagnostics of clinical samples is based on DNA or nuclear fragmentation---TUNEL, comet assay, or Giemsa-stained microscopic preparations.

The influence of elevated temperatures on the viability of neutrophils has been explored in many lines using different, if not contradictory approaches. This resulted in discordant data which are very difficult to summarize in a coherent picture. It should be stressed that the general concept of our work was different from those exploited recently by groups studying heat shock or hyperthermia. Inspired by the original study by Dransfield and colleagues \[[@B36]\], we performed experiments in the presence of autologous serum, thus providing native IgG species, as we believed it served a critical role in stabilizing CD11b-CD16 membrane complexes. We also used short time of effective neutrophils heat treatment (90 min). In our opinion, such approach may reflect the short febrile attacks with high-peak temperatures. Consequently, our results differ from the data obtained by other groups in several points: firstly, we have demonstrated a significant inhibition of apoptotic DNA "laddering" by heat shock which has not been reported earlier; secondly, neutrophils acquired some anti-inflammatory properties immediately following heat shock and that was not connected to typical apoptotic markers on their surface.

In summary, neutrophil heat stress is associated with a significant reduction in CD16 expression that modifies the molecular pattern of these cells towards nonphlogistic recognition by macrophages. Although the precise mechanisms and the functional consequences of reduced expression of CD16 remain to be determined, it is tempting to speculate that neutrophil stress may contribute significantly to the anti-inflammatory signalling at inflamed sites. The appearance of a CD16-low neutrophil population significantly preceded the development of spontaneous apoptosis and apoptosis-related shedding of CD16. We assume that *in vivo* the short episodes of extremely high febrile temperatures (39--41°C) may generate a quick anti-inflammatory response before increased PMNs apoptosis exerts its effect. Furthermore, the novel finding that altered expression of a membrane glycoprotein correlates with the heat stress event indicates that cell-specific membrane molecule alterations occur during fever.
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Delayed apoptosis in heat-shocked PMNs neutrophils. (a) Annexin V and propidium iodide staining of control, heat shocked (39°C or 41°C, 90 min) or apoptotic neutrophils. The percentage of cells in each subpopulation is shown in dot plots. Results of representative experiment of three performed are presented. (b) Expression of PS, annexin I and II on control, heat-shocked, or apoptotic neutrophils. (c) Effect of HS on the phagocytosis of neutrophils by hMDM. Phagocytosis of fresh, healthy neutrophils, preincubated at indicated temperatures (37--43°C, 90 min) measured immediately following preincubation (open bars) or after additional 24 hrs culture in standard conditions (gray bars). Neutrophils were added to macrophages at 2.5×10^6^ cell/well of 24-well plate in medium with 10% human serum and incubated for 2 hrs at 37°C. Noningested neutrophils were removed by intensive washing of the hMDM monolayer. The cells were solubilized with detergent and the neutrophil elastase activity was measured in lysates as described in materials and methods. The intensity of phagocytosis is expressed as mOD/min of the substrate turnover catalyzed by neutrophil-derived elastase. (d) Heat shock inhibits DNA fragmentation in neutrophils. Freshly isolated neutrophils (control) or the cells treated for 90 min with heat shock were allowed to underwent spontaneous apoptosis for 24 hrs before DNA was isolated and subjected to electrophoresis. Results of a representative experiment out of three are presented in duplicates. (e) Preservation of the cell membrane integrity in heat-shocked neutrophils. The release of LTF, HNE, and LDH to the medium was measured following neutrophils treatment with heat shock for 90 min. The LTF, HNE, and LDH concentration in the culture medium of necrotic (sonicated) neutrophils was set as the positive control (100%). Data presented are mean (±SD). \**P* \< .05,\*\**P* \< .01, and \*\*\**P* \< .001, relative to controls, C.
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![Recognition of heat-shocked neutrophils is nonphlogistic. (a) hMDMs were cocultured for 4 or 24 hrs with fresh, heat-shocked (39 or 41°C, 90 min), or necrotic neutrophils or stimulated with 10 ng/mL LPS (*E. coli*). TNF-*α* was subsequently measured in cell-free culture supernatants. Data presented are mean (± SD). \*\*\**P* \< .001, relative to control, PMN fresh. (b) hMDMs were cocultured for 1 hr with apoptotic, heat-shocked (39 or 41°C, 90 min), or necrotic neutrophils. The cocultures were then stimulated for 4 hrs with 10 ng/ml or 1 *μ*g/ml LPS (*E. coli*). TNF-*α* was subsequently measured in cell-free culture supernatants. Results are expressed as percent (mean ± SD) of positive control that is hMDMs stimulated with LPS. \**P* \< .05,\*\**P* \< .01, relative to positive control. PMNs incubated in standard culture conditions up to 120 min had the same effect as freshly isolated cells (data not shown).](JBB2011-284759.002){#fig2}

![Expression of CD31 is modulated on heat-shocked neutrophils. Fresh, apoptotic, and HS neutrophils (incubated at 41°C for indicated time) were stained with PE-conjugated antihuman CD31 mAb and analyzed by flow cytometry. (a) Open bars represent the percent of CD31-positive cells; black bars represent mean fluorescent intensity (MFI) expressed as percent of MFI measured for control, fresh PMNs. (b) Flow cytometry histograms from the same experiment are presented. The histogram markers were set based on the signal from isotype control and they designated section of the histogram representing neutrophils positive for CD31. Results of a representative experiment of three performed are presented. PMNs incubated in standard culture conditions up to 120 min expressed CD31 with the same intensity as freshly isolated cells (Positive cells, 98.17 ± 3.09%; MFI, 6839 ± 640.88).](JBB2011-284759.003){#fig3}

![Surface expression of Fc*γ* receptor III (CD16) is reduced by heat shock. Neutrophils incubated for 90 min, at indicated temperatures were stained with PE-conjugated antihuman CD16 mAb and analyzed by flow cytometry. The histogram markers were set based on the signal from isotype control (Mouse IgG1-PE clone MOPC-21), and they designated section of the histogram representing neutrophils positive for CD16. The values of MFI are given in histograms. Results of a representative experiment of four performed are presented (complete data in [Table 1](#tab1){ref-type="table"}).](JBB2011-284759.004){#fig4}

![Shedding of CD16 is temperature independent. Soluble CD16 was assayed in supernates taken from neutrophils incubated for 90 min at indicated temperatures or treated with PMA (10 ng/mL) for 60 min. The amount of soluble CD16 was determined by sandwich ELISA. Measured OD were recalculated, and results are expressed as percent of control (supernates from PMN incubated at 37°C). Data presented are mean (±SD). \*\*\**P* \< .001, relative to control.](JBB2011-284759.005){#fig5}

![Geldanamycin and radicicol enhance the effect of HS on surface expression of CD16. Neutrophils were incubated initially for 30 min at 37°C with or without inhibitors of HSP90: geldanamycin (Ge) or radicicol (Rad) and then for additional 90 min at 37°C (control) or 41°C (heat shock). Finally, cells were stained with PE-conjugated antihuman CD16 mAb and analyzed by flow cytometry. The histogram markers were set based on the signal from isotype control (Mouse IgG1-PE clone MOPC-21) and they designated section of the histogram representing neutrophils positive for CD16. Results of a representative experiment of three performed are presented.](JBB2011-284759.006){#fig6}

![Geldanamycin and radicicol enhance the anti-inflammatory effect of HS neutrophils which is associated with decrease of CD16 expression. (a) Neutrophils were incubated initially for 30 min at 37°C with or without (C) inhibitors of HSP90: geldanamycin (Ge) or radicicol (Rad) and then for additional 90 min at 41°C (HS). For enzymatic removal of surface CD16 PMNs were incubated with PI-PLC (0.5 IU/mL) for 45 min at 37°C in culture medium without serum. The enzymatic reaction was stopped by serum addition. For inhibition of spontaneous exocytosis PMNs were incubated with Rac inhibitor NSC23766 (50 *μ*M) for 15 min at 37°C in culture medium. Finally, cells were centrifuged, resuspended in fresh culture medium and added to macrophages. Following 1 hr of co-incubation cytokine production was stimulated with 10 ng/mL LPS (*E. coli*, 0127:B8) for 4 hrs. TNF-*α* was subsequently measured in cell-free culture supernatants (open bars). Prior to addition to macrophages an aliquot of neutrophils was subjected to flow cytometric (MFI) measurement of CD16 expression (gray bars). (b) The anti-inflammatory effect of neutrophils was induced by preincubation of PMNs with CD16-specific antibodies (clones Leu11b, 3G8, Dj130c and GRM1) for 15 min at 20°C in culture medium. Following the preincubation neutrophils were resuspended in fresh culture medium and added to macrophages. Results (TNF-*α*) are expressed as percent (mean ± SD) of positive control that is hMDMs stimulated with LPS. Results (CD16) are expressed as percent (mean ± SD) of positive control that is freshly isolated neutrophils. \**P* \< .01,\*\*\**P* \< .001, relative to positive control.](JBB2011-284759.007){#fig7}

###### 

Surface expression of Fc*γ* receptor III (CD16) is reduced by heat shock. Neutrophils incubated for 90 min. at indicated temperatures were stained with PE-conjugated antihuman CD16 mAb and analyzed by flow cytometry. The Mean Fluorescence Intensity (MFI) values were calculated against the signal from isotype control and they represent neutrophils positive for CD16. Results (mean ± standard deviation) from four experiments are presented.

  Incubation temperature (°C)   Mean Fluorescence Intensity X~*n*=4~ ± S.D.
  ----------------------------- ---------------------------------------------
  37                            21 940 ± 3 507
  39                            17 070 ± 2 871
  41                            14 287 ± 2 191
  43                            4 942 ± 790
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